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Chapter 7
Other Chemical Hazards

Lijuan Du, Guoren Huang, Puyu Yang, Zhongfei Zhang, Lu Yu, 
Yaqiong Zhang, and Boyan Gao

This chapter reviews five groups of chemical hazards, including 5-HMF, trans-fatty 
acids, MCPDs and their esters, glycidol and its esters, and acrolein and other alke-
nals. Their analytical methods, formation mechanisms, and mitigation strategies are 
discussed. Understanding these chemical hazards may improve our knowledge 
about the whole thermal-processing-induced hazards, then improving food safety 
and quality in food industry.

7.1  5-HMF

5-HMF (IUPAC name, 5-(hydroxymethyl)furan-2-carbaldehyde; Fig.  7.1) was a 
ubiquitous food contaminant formed during processing of sugary foods. 5-HMF is 
mainly generated from hexose under high temperature or during long-term storage 
at room temperature, regardless of the presence of oxygen or UV light (Maillard 
reaction). Aberrant crypt foci were induced in a dose-dependent matter in F344 rats 
by 5-HMF [1] and skin tumor was reported in mice [2]. However, no genotoxicity 
could be detected from 5-HMF in standard in vitro assays, such as gene mutation 
assay [3], the rec assay [4], or comet assay [5]. To conform the acute, subacute, and 
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chronic toxicity of 5-HMF, the National Toxicology Program conducted a toxico-
logical evaluation on 5-HMF using F344/N rates and B6C3F1 mice for 3 weeks, 
3 months, and 2 years. They concluded that 5-HMF caused liver cancer in female 
mice and was related with gradually enhanced injury of the respiratory epithelium 
and olfactory regardless of the gender and rats or mice [6].

In recent years, 5-sulphooxymethylfurfural (SMF, Fig. 7.1), the metabolite of 
5-HMF, was confirmed with mutagenicity and genotoxicity by in vitro and in vivo 
studies [7, 8]. At the same time, 5-HMF was linked with the formation of 
5- hydroxymethyl-2-furoic acid (5-HMFA) (Fig.  7.1) [9], acrylamide [10], dicar-
bonyl compounds [11], and melanoidins [12]. So, it is necessary to detect the 
amount, illuminate the formation mechanism, and discover the mitigation strategies 
of 5-HMF in food processing.

7.1.1  Analytical Methods

5-HMF is a needle-like crystalline solid with a slight odor of chamomile flowers. It 
tastes buttery, caramellic, and musty (data from HSDB) and is easily dissolved in 
water and methanol. 5-HMF has a maximum UV absorption wavelength at 283 nm. 
To remove the interference of protein which has strong absorption wavelength at 
280 nm, Carrez clarification reagents were used [13]. The analytical methods for 
5-HMF in foods will be discussed as two major approaches, the direct approaches 
and the indirect approaches [14–16].

7.1.1.1  Direct Approaches in Detecting 5-HMF

Direct approaches aim at analyzing 5-HMF directly without breaking the structure 
of 5-HMF. In 2009, melamine and 5-HMF were firstly detected by CE-DAD (capil-
lary electrophoresis-diode array detection) in milk samples; the linearity range of 
5-HMF was 0.1–100 μg/mL. The limit of detection (LOD) was 0.067 μg/mL for 
5-HMF [17]; in 2010, Gloria del Campo et al. used 1H NMR spectrometry to detect 
the 5-HMF and caffeine, formic acid, and trigonelline in soluble coffees; the LOD 
of 5-HMF was 0.30 mg/g; this method was no need for derivative procedure [18]; in 
2013, Ales Rajchl used a novel technique series connection of direct analysis in real 
time (DART) ion source and time-of-flight mass spectrometry (TOFMS) to develop 
a rapid determination of 5-HMF. Linearity was measured in the range 1–1000 mg/L; 

Fig. 7.1 The structure of 5-HMF, SMF, and 5-HMFA

L. Du et al.



155

the calibration plot was linear only within the range 1–20  mg/L (R2  =  0.9985). 
Repeatability of the measurement was 66% and 11% (RSD) without and with the 
internal standard (isotope-labeled 5-HMF), respectively. For the honey and caramel 
samples, the LOD was 2 and 3 mg/kg, respectively; the LOQ was 3 and 4 mg/kg, 
respectively. Recovery was 98% (concentration 10 mg/kg) and 101% (concentra-
tion 10  mg/kg) for honey and caramel samples, respectively [19]. This method 
requires isotope-labeled 5-HMF as internal standard and needs expensive TOF mass 
spectrometry. So, this method is difficult to have a wide application.

In 2016, Jucimara developed an HPLC-DAD method for quantitative analysis of 
HMF in cane syrups and corn. In this method, the column was C18 at 30 °C and 
DAD was set at 285  nm, and the mobile phase was acetonitrile/water (1/9, v/v, 
added with 0.5% formic acid) isocratic elution, and flow rate was 0.8 mL/min. The 
LOD was 0.09 mg/L and LOQ was 0.26 mg/L; the recovery rates were between 
100% and 104%; RSD was 0.57–6.43%. The contents of HMF were 109.2–
893.1 mg/kg and 406.6–2121.3 mg/kg in cane syrup and corn syrup, respectively 
[20]; in 2017, Terra and colleagues developed UV-MCR-ALS methods for quantifi-
cation of 5-HMF with the use of ultraviolet (UV) spectroscopy technique in a com-
bination with data analysis technology of multivariate curve resolution (MCR) 
coupled with alternating least squares (ALS). This model was evaluated by analyz-
ing statistical parameters of quality such as root mean square error (0.68 mg/L) and 
correlation coefficient (R = 0.988). This method was easy and quick, and no pre-
treatment and chromatographic separations were required. In addition, it would 
achieve the accurate determination of 5-HMF content [21]. However, solid and fluid 
cannot be directly measured using this method. The food matrix is complex and dif-
ferent, so each kind of sample needs a separate modeling analysis. This method 
shows great potential in automation applications but still requires deepgoing 
research.

7.1.1.2  Indirect Approaches in Detecting 5-HMF

5-HMF has both hydroxyl and aldehyde groups, which could easily react with 
derivatization reagents to get specific target products. Colorimetric method was 
used to detect 5-HMF in tomato with the use of toxic derivatization reagents barbi-
turic acid and p-toluidine. Now this method is gradually abandoned, because of the 
poor repeatability and anti-interference. In 2009, Bernhard et al. used UPLC-MS/
MS to detect 5-HMF in plasma samples. Derivative reagent was 
2,4- dinitrophenylhydrazine (DNPH) dissolved in acetonitrile/HCl (1 M, 3/1, v/v), 
equivalent volume mixed with samples and incubated for 1 h at 37 °C; used potas-
sium hydroxide which dissolved in equivalent volume of water and ethanol to neu-
tralize the redundant acid; finally diluted by water. After centrifugation, the upper 
layer was used for analysis. The derivative compounds of DNPH-HMF were ana-
lyzed by water MS in the positive ion mode with ESI [22]. The derivative process 
was complex and time-consuming and derivatization reagent is toxic for the analyst. 
So now the application of this method is relatively narrow.
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7.1.2  Formation Mechanisms

5-HMF was found at high levels in many foods, especially from sugar-containing 
products processed under high temperature. HMF in foodstuff was mainly produced 
by two types of chemical reactions. The first reaction includes caramel products, 
instant coffee, biscuit, and other roasting foods. This group was considered as major 
sources to form 5-HMF mainly through caramelization reaction, whereas the sec-
ond one includes dried fruits, fruit juices, and paste, which can form 5-HMF by 
Maillard reaction.

Antal and colleagues demonstrated a formation mechanism of 5-HMF from fruc-
tose using isotope labeling [24]. Fructose (A1) or sucrose was dehydrated at C5 
position to form the fructofuranosyl oxocation, and then a derivative like enol of 
2,5-anhydro-D-mannose was formed by losing a proton through enolization. In the 
next step, the structure was isomerized to aldehyde group and a second water mol-
ecule was released at C4 to form the double bond in the furan ring. When the third 
water molecule was eliminated at C3 position, 5-HMF was formed [25]. This path-
way was shown in Fig. 7.2.

When the hexose was glucose, the mechanism of 5-HMF formation was more 
complex. Glucose may undergo complex transformation in which the intermediate 
was tautomeric enediol and isomerized into fructose through a tautomeric 
1,2- enediol (A2), which was subjected to a dehydration step at C3 to form unsatu-
rated hydroxyaldehyde (structure 6). 3-Deoxy-2,3-diulose (structure 7) might be 
automatically converted to unsaturated hydroxyaldehyde (structure 6), which was 
associated with numerous side reactions. Structure 7 released the second water mol-
ecule at C4 forming dicarbonyl compound (structure 8). Then, cyclization and 
dehydration resulted in 5-HMF formation [24]. This pathway was shown in Fig. 7.2.

The proteins and amino acids can take part in the formation of 5-HMF in food 
processing [26]. It is not clear whether fructose reacts with amino acid to form 
5-HMF through a prolix pathway [27] or through isomerization into glucose. The 
formation mechanism of 5-HMF from glucose and amino acid was widely accepted 
(Fig. 7.3). This was similar to the beginning and middle stages of the Maillard reac-
tion [23, 28].

7.1.3  Mitigation Strategies

For now, only honey and dairy products limited the amount of 5-HMF by legisla-
tion. For the foods such as coffee, biscuit, dried fruit, etc., there is no limit to the 
content of 5-HMF. At the same time, the toxicity mechanism of 5-HMF has not yet 
been elucidated. Although 5-HMF is common and abundant in the foods, it does not 
attract enough attention. So, the literature associated with mitigation strategies of 
5-HMF is limited. The formation of 5-HMF was linked with Maillard reaction 
directly; as such the researchers pay more attention to mitigation strategies for 
reducing Maillard reaction and its toxicity derivate such as anti-Maillard agents [29] 
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or advanced glycation end product (AGE) inhibitor in recent years [30, 31]. These 
methods and strategies are worth being used for reference. Next, we will summarize 
the mitigation strategies to reduce 5-HMF in food matrix.

7.1.3.1  Optimization of Food Processing Conditions

The content of 5-HMF in food matrix was determined by temperature, time, pH, 
and activity of the water. During baking, when the temperature at the surface signifi-
cantly increases, the 5-HMF could be rapidly accumulated [32]. The heating tem-
perature and time are the decisive factors. When the pH value rises from 3.28 to 4.37 
and then to 7.40, the level of formation of 5-HMF showed a significant decrease 
during baking at more than 200 °C [33]. Typically, relatively lower pH value will 
increase the formation of HMF in the biscuit during baking. In 2016, cocoa bean 
was immersed in 7.5% Na2CO3 containing the alkaline solution for 30 min, while 

Fig. 7.2 Formation mechanism of 5-HMF from sucrose. (Adapted from Perez Locas (2008) and 
Stanistaw Kowalski (2013) [23])
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water treatment and no treatment were used as a comparison. After being roasted for 
1  h, 5-HMF concentrations were 0.34  mg/kg, 0.41  mg/kg, and 0.73  mg/kg in 
alkaline- treated samples, water immersed, and non-treated, respectively. The con-
centration of α-dicarbonyl compounds and N-carboxymethyl-L-lysine was higher 
for alkaline-immersed samples [34]. Both of them were more toxic than 5-HMF, so 
it needs comprehensive consideration when food processing conditions need 
optimization.

7.1.3.2  To Change Reactants from the Raw Materials

The sugar was also a key factor. Sucrose, glucose, fructose, and starch were com-
mon sugars used in food processing. At the baking temperature from 160 to 230 °C, 
the dough containing glucose produced more 5-HMF compared to sucrose [33]. 
When the temperature of baking biscuits exceeds 250 °C, using sucrose instead of 
glucose or fructose would result in more 5-HMF production [35]. In 1996, J. O’Brien 
compared the stability of trehalose, sucrose, and glucose in freeze-dried systems, 
with the presence of lysine at pH 2.5 and water activity of 0.33. After being heated 
at 90 °C for 194 h, trehalose system showed the lowest absorption at 420 nm and 

Fig. 7.3 The formation mechanism of 5-HMF from glucose and amino acid or protein. (Adapted 
from Kowalski (2013) [23])

L. Du et al.



159

280 nm [36], which means the trehalose was more stable than sucrose and glucose 
and less stable than furans (e.g., 5-HMF) generated. It is worth considering replace-
ment of sucrose and glucose with trehalose in the processing of coffee, roasting 
foods, and dried fruit.

7.1.3.3  To Remove 5-HMF from Foods

Once 5-HMF is generated in the process of food processing, it is difficult to be 
removed. In 2017, T. Silva-Fernandes used two kinds of biopolymer, in which com-
mercial names were Aquapol (tannin 18%, biopolymer A) and Bioclin (tannin 6.5–
7.3%, biopolymer B) to remove 5-HMF from sugarcane bagasse hemicellulosic 
hydrolysates. The highest relative content removed by A and B biopolymer was 
57% and 40%, respectively, after optimizing the operation parameters. From the 
above results, it can be seen that tannin-based biopolymers (TBBs) were efficiently 
and selectively adsorbed for removing 5-HMF. Because of the wide range of sources 
of tannins, TBBs were simple to prepare, low in cost, and environmentally friendly 
[37]. Therefore, other polymeric materials can be developed in the future to specifi-
cally adsorb 5-HMF.

7.2  Trans-Fatty Acid

Trans-fatty acids, as the name implies, have one or more double bonds in which the 
adjacent hydrogen is substituted by the opposite sides of the hydrocarbon chain 
[38]. Mono- and polyunsaturated fatty acid and conjugated linoleic acids are the 
important sources of dietary trans fats [39]. Fatty acid components seem to be a 
perennial concern of nutritionists and persons concerned with healthful diets. 
Previous researches have suggested a possible association of the intake of trans- 
fatty acids with the risk of coronary heart diseases. The concentrations of LDL 
cholesterol are increased and the contents of HDL cholesterol are reduced by the 
intake of trans-fatty acids. This has a negative impact on blood lipids [40].

Due to trans-fatty acid’s higher melting point, the fluidity and permeability of 
cell membranes were altered and affected when trans fat incorporated into cell 
membranes [38]. The main target of this section is to provide a clear description of 
the relevant studies in trans-fatty acid, including their analytical detection method, 
formation mechanisms, and mitigation strategies.
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7.2.1  The Analytical Detection Method of Trans-Fatty Acid

The negative impact on trans isomers of unsaturated fatty acids raised lots of con-
cerns since the research consequence of controlled dietary intervention performed 
in 1990 [41–44]. These results indicated that trans-fatty acid (TFA) had a detrimen-
tal effect on low-density lipoprotein (LDL) and high-density lipoprotein (HDL) 
cholesterol. Based on a population-based studies in the USA, the consumption of 
trans isomers might affect the rate of coronary heart disease [45, 46]. Therefore, in 
order to understand the presence and content of TFA, it is particularly vital to 
develop different monitoring technologies. Owing to the complexity of the possible 
fat mixtures, TFA analyses were still challenges. Researchers used several tech-
niques including gas chromatography (GC) [47], infrared spectroscopic (IR) [48], 
capillary zone electrophoresis (CZE) [49], and silver ion chromatography to deter-
mine TAF [50]. Among these detection technologies, GC is the most popular and 
common technique.

7.2.1.1  Gas Chromatography (GC)

Gas chromatography (GC) has been widely used in the fatty acid measurement of 
oilseed plant, human metabolism, and so on [47]. GC methods equipped with high- 
quality capillary columns for fatty acid analyses are allowed to get sensitive and 
reproducible results [47]. The fatty acid is transformed into suitable derivatives such 
as methyl esters, as required by analysis GC [51]. In principle, gas chromatography 
equipped with flame ionization detection (GC-FID) as the official method is applied 
to detect fatty acid because of its high resolution and sensitivity [47]. The authors 
proposed a quantitation method of TFA in vegetable and nonruminant fats and oils; 
the separation of cis/trans-octadecenoic (18:1) in hydrogenated vegetables was per-
formed by the optimization parameters using the CP-Sil 88 and SP 2560 capillary 
gas chromatographic columns [52]. Because frying process is considered to be a 
source of TFA, Romero et al. compared TFA profile of potatoes fried in the extra 
virgin olive oil, high oleic sunflower oil, and sunflower oil from the frying 8 and 20 
with frequent replenishment or without replenishment of used oil with fresh oil dur-
ing the frying by GC [53]. Results represented that elaidic acid showed the greatest 
amount in fried potatoes. Huang et al. also measured the TFA content both in fried 
potatoes and in frying oils by GC [54]. The gas chromatography-mass spectrometer 
using Alltech AT™-Silar-90 capillary column could completely separate trans-fatty 
acid from cis standard. Moreover, under the optimized condition, shortening sam-
ples were analyzed to check the feasibility of this method; the predominant fatty 
acids detected in the sample were trans-18:1, cis-18:1, cis-18:2, and cis-18:3. In 
general, prior to GC analysis, the fractionation of fatty acids by liquid chromatogra-
phy is applied to eliminate co-elution problems.
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7.2.1.2  Capillary Zone Electrophoresis with UV Detection (CZE-UV)

Capillary zone electrophoresis (CE) is an identification and separation technique on 
the basis of solvated ions, neutral compounds, or ionizable species [55]. The tech-
nique as an attractive analysis method for fatty acid has been sought by the hundreds 
of other scientists. Compared with GC, CE is a throughput analytical method that 
employs the short analytical time and separated the analyses at lower temperatures 
without derivatization step [56]. According to the previous study, Oliveira and col-
leagues first reported a novel capillary electrophoresis with UV indirect detection 
for the TFA in hydrogenated oils [49]. It is suggested that the formation of TFA 
could be monitored by the optimized method. Later, CZE was applied for the differ-
ent FA in different samples by the 23 central composite design optimization, owing 
to factors Brij 35, acetonitrile, and 1-octanol [57]. Moreover, the results were com-
parable with AOCS GC official method by t-test. However, these methods had the 
problems about partial dissolving of the capillary coating polymer in the back-
ground electrolyte (BGE), which could cause a significant interference in the sepa-
ration of TFA.  In this case, Porto and colleagues proposed a CZE methodology 
coupled with contactless conductivity detection using two different cyclodextrins in 
the BGE; it was used for the determination and quantification of TFA of processed 
food including in 13 min [58]. Furthermore, there were no marked differences of 
statistical results between CZE-UV and the classical GC method within the 95% 
confidence interval.

7.2.1.3  Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR), as a simplest analytical approach, 
is commonly applied for the measurement of TFA in the edible oils and fats. In 
general, the isolated TFA were quantified by FT-IR spectroscopy on the basis of the 
determination of trans peak in the area from 991 to 945 cm−1, indicating CH out of 
deformation absorption [56]. Sherazi and colleagues used FT-IR techniques for the 
detection of TFA in cooking oil and hydrogenated oil samples [48]. The results 
obtained by the transmission FT-IR were comparable to GC-FID technique results 
and have indicated slightly better sensitivity and higher accuracy for low TFA val-
ues in the tested edible oil samples. Moreover, FT-IR with an attenuated total reflec-
tance combined with partial least squares models was applied to analysis of TFA 
concentration of cereal products without oil extraction [59]. The predicted model of 
TFA has a higher coefficient of determination and lower standard error of perfor-
mance, suggesting the superiority and robustness of predicting models for screen-
ing. The model-based FT-IR was closely related to the fingerprint region, which 
showed that the unique characteristic of TFA configuration at 966 cm−1 has the main 
contribution to the development of the PLS model [59]. The FT-IR of fats extracted 
from lipid samples extracted from cereal-based foods, analyzed with a 
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single-bounce horizontal attenuated total reflectance (SB-HATR), was developed to 
determine TFA content [60]. It can be verified that FT-IR combined with PLS model 
might be an effective method to predict TFA content in food.

7.2.1.4  Silver Ion Chromatography

Silver ion chromatography is recognized as one of the attractive techniques for trans 
monoenes profiling giving a good separation and reproducibility of TFA in dairy 
samples [61], which is most commonly used in the separation of saturated, trans 
monounsaturated, and cis-monounsaturated fatty acids along with cis/trans conju-
gated linoleic acid isomers [51]. Indeed, scholars generally believe that silver ion 
chromatography has no rival for discrimination of liquid species differing in the 
number and especially liquid with the configuration of double bonds [62]. Thin- 
layer chromatography, high-performance liquid chromatography, and supercritical 
fluid chromatography in the silver ion mode are rather powerful tools for the separa-
tion and determination of geometrical fatty acid composition [50]. Ag-TLC was 
performed to pre-fractionate cis and trans-fatty acids prior to accurately quantifying 
TFA by infrared spectroscopy and gas-liquid chromatography (GLC) [63]. The cis 
and trans geometric and positional fatty acid methyl ester (FAME) and triacylglyc-
erol (TAG) isomer are separated and isolated by Ag-HPLC as alternative techniques 
[50]. Adlof investigated the profile of the cis and trans unsaturated FAME by Ag+ 
high-performance liquid chromatography; the isocratic elution solvent was acetoni-
trile in hexane [64]. The other researchers also use Ag-HPLC with two commer-
cially available columns connected in series as a separation method to analyze a 
mixture of conjugated 18:2 isomers [65]. The method provided an improved resolu-
tion of the cis and trans 18:2 isomer pair, but it could not resolve trans form of lin-
oleic acid and linolenic acid.

7.2.2  The Formation Mechanism of Trans-Fatty Acid

The formation mechanisms of TFA are derived from biological hydrogenation in 
the stomach of ruminants and the industrial process of catalytic hydrogenation of 
fats. Of the dietary TFA, 80–90% are originated from the latter source, while 2–8% 
are offered by dairy products [66].

7.2.2.1  The Natural Sources from Ruminant Animals

It is well known that the digestion and absorption of dietary lipid for ruminant ani-
mals occurs in the reticulo-rumen [67]. Its metabolism process was comprised of 
hydrolysis of lipids, biohydrogenation of unsaturated fatty acids by rumen bacteria, 
and synthesis de novo of microbial lipids [67]. According to the previous studies 
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[68], the free fatty acids were liberated from hydrolysis of the dietary acryl lipids by 
microbial lipases in the rumen. Then unsaturated fatty acids suffered from biohy-
drogenation by rumen bacteria, and the end product of the hydrogenation becomes 
stearic acid (18:0), saturated fatty acids, trans-fatty acids, conjugated fatty acids, 
and its isomer [68]. The several studies basically confirmed that in hydrogenation 
pathways of rumen bacteria, the most common is α-linolenic and linoleic acid 
hydrogenation [67], as shown in Figs. 7.4 and 7.5. At first, both of them are formed 
to a conjugated cis-9, trans-11 acid by an initial isomerization step. Then, cis-9, 
trans-11 acid as intermediate product undergoes hydrogenation of its cis double 
bonds, while trans-11-octadecenoic acid is liberated as penultimate. In the end, they 
are hydrogenated to stearic acid. It is found that both α-linolenic and linoleic acid 
could be hydrogenated to trans-octadec-15-enoic acid by a rumen bacterium called 
Butyrivibrio fibrisolvens, which was directly involved in the metabolism of fatty 
acid [69]. In addition, the Ruminococcus albus could convert linoleic and linolenic 
acids to a mixture of octadecenoic acids and trans-octadec-11-enoic acids [68].

Fig. 7.4 Scheme for the biohydrogenation of linoleic acid; group A and B present the two types 
of biohydrogenating bacteria. (Adapted from Harfoot and Hazlewood [67])
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7.2.2.2  The Processing of Hydrogenated Oil

Some fats and oils are susceptible to autoxidation or thermal degradation and other 
reactions during thermal food processing on the account of the presence of two 
isolated double bonds, in order to improve the stability and utility of fat or oils, 
which are often subjected to the process of hydrogenation, forming shortenings or 
margarine [70]. Therefore, the fat and oil hydrogenation is an indispensable opera-
tion in food and chemical industry. The process can convert a liquid oil to a solid or 
semisolid product by means of a multiphase catalytic reaction with hydrogen [71]. 
However, the occurrence of trans-fatty acid is a severe challenge in the process of 
oil hydrogenation.

According to the previous studies [72], the mechanism of geometric and posi-
tional isomers as described by Min, a free radical site, is formed when a hydrogen 
first entered either side of the double bond of unsaturated fatty acid, especially 
bound to the catalyst, while the free radical site is relatively unstable. A hydrogen 
atom neighboring carbon could be eliminated with the catalyst partially covered by 
hydrogen, thus regenerating the double bond or resulting from the formation of a 
positional isomer. The formed double bond may present as either cis or trans con-
figuration because of free rotation properties of a free radical site (Fig. 7.6).

7.2.3  The Mitigation Strategies of Trans-Fatty Acid

The contents of TFA in some animal products occurred naturally in the fermentation 
step, and the amounts were relatively low. Thus, diet content of a large proportion 
of TFA is generally derived from partial hydrogenation of fats. In addition, the main 
dietary sources of TFA are fried and baked foods, traditional vegetable shortenings, 
and solid margarine. Excessive consumption of TFA can increase risk of heart 

Fig. 7.5 Scheme for the 
biohydrogenation of 
linoleic acid; group A and 
B present the two types of 
biohydrogenating bacteria. 
(Adapted from Harfoot and 
Hazlewood [67])
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disease [73]. Therefore, food producers try their best to decrease the level of TFA in 
related products. Meanwhile, the authorities have made law and take some measure 
to prevent or decrease the damage of TFA.

7.2.3.1  The Method of Reduced TFA

Recently, several food manufacturers voluntarily removed TFA from their products. 
For example, in 1994, Unilever set about removing TFA from all retail margarine by 
introducing a worldwide policy [74], triggering by media coverage that TFA was 
more unhealthy than saturated fats [45]. In addition, many manufacturers have 
sought to TFA substitutes. In order to minimize the TFA content of the products, 
numerous technologies have been performed by the food and edible oil industries. 
Firstly, the partial hydrogenations were replaced by full hydrogenation to obtain fats 
with low TFA levels. Secondly, the oil seeds with modified fatty acid components are 
produced by traditional plant breeding and modern genetic engineering techniques 
for the sake of altering the oil properties [75]. Thirdly, the fractionated tropical oils 
are used in the manufacturing process [75]. Finally, the chemical and enzymatic 
interesterification of hydrogenated fats with liquid oils is obtained to a range of melt-
ing point customized fats to fit different food industry applications [75].

7.2.3.2  Regulating the Concentrations of TFA in Foods

Regarding the need for public health action of international policy consensus, TFA 
intake should be no more than 1% of total energy intake according to Physical 
Activity and Health, 2004 WHO Global Strategy on Diet [76]. Moreover, to reduce 

Fig. 7.6 Formation mechanism of geometric and positional isomers in the hydrogenation 
process
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the health risk associated to TFA, no more than 2 g/100 g fat on industrially pro-
duced TFA is imposed in Denmark [77], as labeling was inadequate to protect the 
consumers, particularly for children or people with high intake of fast foods. The 
Danish Nutrition Council requests a reduction of TFA in the cooking oil for major 
fast food. Based on Denmark’s legislation introduced and enforced on June 1, 2003, 
the industrially produced TFA content of all food products and ready meals is 
restricted to a maximum of 2% [78]. Afterward, hydrogenated oils or margarine 
containing trans fats are illegally used to prepare food, except for foods that contain 
no more than 0.5 grams of artificial trans fat per serving of food [79]. In 2008, 
Switzerland begins to regulate TFA content. A survey determined by the Federal 
Institute of Technology has found that almost one-third of 120 food items contained 
excessive amounts of TFA. This finding was a key factor in attracting attention of 
the authorities and food industry to the problem [80].

7.3  MCPDs and Their Fatty Esters

Monochloropropane-1,2-diols (MCPDs), including 3-monochloropropane and 
2-monochloropropane, are one type of chemical compounds mainly produced dur-
ing thermal processing of food. MCPDs were recognized as potential food source 
toxicants in the past decades. Monochloropropane-1,2-diol fatty acid esters (MCPD 
esters) are a group of toxicants formed during food thermal processing. These com-
pounds have been detected in many food categories, including refined edible oil, 
fried food, infant foods, and even in human breast milk. In 2004, 3-MCPD esters, as 
well as the free 3-MCPD, were firstly reported in processed foods. The ester form 
of 3-MCPD occurs at a much higher concentration in foods, especially in some 
high-lipid content foods after high-temperature processing. Therefore, a tolerable 
daily value calculated as the amount of free 3-MCPD at 2 μg/kg body weight was 
estimated by the European Food Safety Authority in 2013. These facts suggested 
that MCPDs together with their fatty acid esters are an important food safety con-
cern and warrant research of their analytical methods, formation mechanisms, and 
the approaches for mitigation (Fig. 7.7).

7.3.1  Analytical Methods

Since MCPDs and their fatty acid esters were reported and considered as potential 
food source toxins in 2006 [81], it is important to develop accurate, fast, and high- 
sensitivity chemical analytical methods to detect this group of chemical compo-
nents in different types of food samples. All of the reported analytical methods can 
be separated into two major types. The first method is to hydrolyze all the fatty ester 
forms of MCPDs to free MCPD first, quantify the amount of free MCPD, and then 
use the concentration of free MCPD to represent the total amount of all the MCPD 
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esters indirectly. This approach is much convenient to process. Another possible 
method is to characterize and quantify every MCPD ester in food samples directly. 
This method is straightforward and easy to understand, but is also much difficult for 
sample purification and method development. In the following paragraph, a system-
atic review of these two methods will be given to improve the understanding of the 
chemical analytical methods about MCPD esters.

7.3.1.1  Indirect Approaches in Detecting MCPD Esters

The basic working mechanism of the indirect analytical method starts with the 
transesterification of all of the MCPD esters into free MCPD under acidic or alka-
line conditions, then free MCPD is transformed into a stable voltaic derivate, and, 
finally, the amount of free MCPDs is detected using GC or GC-MS [82]. This 
approach could also be used to analyze the free MCPDs. The major differences 
between these methods are the choices of different transesterification conditions 
and derivatization agents. In 2006, Zelinková and colleagues reported their study 
results about the quantification of 3-MCPD esters and free 3-MCPD in 25 vegetable 
oil samples using the indirect analytical approach [81]. In this study, 3-MCPD ester 
extracts were hydrolyzed using sulfuric acid, neutralized with a saturated NaHCO3 
solution, derivatized by using the phenylboronic acid, and then analyzed with 
GC-MS. The results indicated that most of 3-MCPD that existed in oil samples is 
bounded 3-MCPD (3-MCPD esters) rather than free 3-MCPD and 3-MCPD diesters 
are the major form of 3-MCPD esters. The results in this study also made the 
research about ester form of 3-MCPD become more and more important, since they 
are the major existence form of 3-MCPD in almost all types of foods. In 2008, 
Zelinková reported the occurrence of 3-MCPD esters, firstly, in human breast milk 
using a similar analytical method, which confirmed the stability of this method [83]. 
In the same year, Seefelder designed and processed a novel enzymatic hydrolysis 
method to hydrolyze the 3-MCPD esters to the dissociated 3-MCPD by using the 
intestinal lipase, followed by the GC-MS analysis [84]. The results represented the 
fact that only equal or less than 15% of 3-MCPD bounded in esters are monoesters 
and the rest of the parts are diesters. In 2008, Weißhaar reported a method to quan-
tify 3-MCPD esters in edible fat and oil samples by transesterifying 3-MCPD esters 
with NaOCH3/methanol and derivatizing with phenylboronic acid, and finally, 
3-MCPD was determined by GC-MS [85]. In 2010, Baer and colleagues published 

Fig. 7.7 Chemical 
structure of 3-MCPD and 
3-MCPD esters
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a review article about 3-MCPD in food [82]. In this review, different derivatives 
including heptafluorobutyryl imidazole (HFBI) [86], phenylboronic acids (PBA) 
[87–89], and dioxolane were utilized to increase the volatility of hydrolyzed 
3-MCPD. In 2016, Samaras and colleagues reported an indirect analytical method 
for the quantification of 3-MCPD esters, 2-MCPD esters, and glycidol esters in dif-
ferent types of food samples which were purified with pressurized liquid extraction 
(PLE) and determined using GC-MS. In order to differentiate glycidol esters from 
MCPD esters, all the glycidol esters were converted to monobromopropanediol 
esters (MBPD esters) in acidic solution first. Then MCPD esters and MBPD esters 
were hydrolyzed to release their free forms in ethyl acetate in the environment of 
phenylboronic acid. And the concentrations were finally quantified using isotopic 
labeled MCPD esters by GC-MS [90]. Also in 2016, an indirect analytical method 
using the enzymatic mechanism was applied to analyze 3-MCPD esters, 2-MCPD 
esters, and glycidol esters in vegetable oils and fats. This enzymatic method utilized 
Candida rugosa lipase to hydrolyze the ester form of MCPDs and glycidols to their 
free form at an ambient temperature for 30 min. Then the free form of MCPDs and 
glycidols was analyzed using GC-MS [91]. All these results above indicated that the 
indirect approaches required less analytical standards, thus recommended to be 
used to describe the total amount of 3-MCPD-related components in food matrix. 
But, on the other hand, the indirect methods need more sample preparation 
approaches with the use of some toxic chemical reagents. Also, the indirect method 
could only be used to quantify the total amount of 3-MCPD esters instead of every 
specific 3-MCPD ester. These defects made the indirect analytical methods more 
and more uncommon after 2010, and increasing researches turned to develop direct 
analytical methods to determine the concentrations of each 3-MCPD ester 
individually.

7.3.1.2  Direct Approaches in Detecting 3-MCPD Esters

Direct approaches aimed to develop chemical analytical methods to analyze 
3-MCPD esters directly without hydrolyzing them to free 3-MCPD. This method 
was not widely applied before 2010. It might be majorly due to the nonpolar and 
relatively low volatile properties of 3-MCPD esters. As such they are not suitable 
for either LC or GC analysis. However, with the development of analytical tech-
niques and new types of LC columns, there is increasing research about the direct 
approaches of analyzing 3-MCPD esters directly in different food matrixes. In 
2012, Dubois and colleagues made a comparison of previous indirect methods with 
their novel developed a direct method to analyze 3-MCPD esters in edible vegetable 
oils [92]. In this study, double solid-phase extraction (SPE) and silicone gel column 
were utilized to separate and concentrate 3-MCPD esters; an HSS T3 normal-phase 
LC column was utilized with the combination of ESI time-of-flight (TOF) mass 
spectrometry. The comparison between indirect and direct methods represented that 
these two types of analytical methods showed similar results when analyzing 29 oil 
samples. The indirect approach needs fewer chemical standards and is relatively 
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easier for sample preparation and is applicable to all types of commodities com-
pared to the direct approach which determines the total 3-MCPD ester content. On 
the other hand, direct method can provide detailed information about the identifica-
tion and concentration of every 3-MCPD ester, though with a longer sample pre-
treatment time. After 2012, increasing research articles reported modified direct 
method of analyzing the types and concentrations of 3-MCPD esters in food sam-
ples or organ/tissue samples in in vivo studies [93–96]. All these studies selected 
high-performance liquid chromatography (HPLC) or ultra-performance liquid chro-
matography (UPLC) combined with high-resolution mass spectrometry to detect 
3-MCPD esters directly; these methods represented the development of 3-MCPD 
ester analysis research and played an important role in the analysis of MCPD and its 
esters.

7.3.2  Formation Mechanisms

The formation mechanisms about MCPDs were first described as protein hydroly-
sates in 1978 [97]. In these years, increasing studies indicated that thermal process-
ing might be closely related to the amount of MCPD esters in food products. And 
the ester form of MCPDs can be degraded to the free form of MCPDs. During this 
progress, the temperature was the most important factor that controls the formation 
of MCPDs. Take the refined edible oil as an example; deodorization was recognized 
as the key step in forming MCPD esters during processing, with the working tem-
perature at around 260 °C. Reducing the temperature significantly decreased the 
concentrations of MCPDs. In order to clarify the formation mechanisms of MCPDs 
during food processing, different formation pathways have been derivated to explain 
the possible ways of ester form of MCPDs formed during thermal processing.

The primary aim about the studies of 3-MCPD esters is to investigate the chemi-
cal and biochemical formation mechanisms during food processing, since it is the 
fundamental of further research of 3-MCPD esters. Several previous researches 
investigating the possible formation mechanisms of 3-MCPD mono- and di-fatty 
acid esters were reviewed and summarized in four major possible types [98], includ-
ing the direct nucleophilic substitution of chlorine anion of a hydroxyl (pathway 1) 
or a fatty acid ester group at sn-3 carbon atom in the glycerol (pathway 2) and 
through the formation of an acyloxonium cation (pathway 3) or through an epoxide 
cation intermediate (pathway 4) and then the intermediate cation attacked by chlo-
rine anion to open the three- and five-membered rings to form MCPD esters 
(Fig. 7.8).

In 2013, a novel research approach about 3-MCPD ester formation from diacyl-
glycerol was reported [99]. For the first time, this study reported a free radical inter-
mediate reaction mechanism of 3-MCPD diester. In 2015, possible formation 
mechanisms of 3-MCPD monoesters and diesters from triglycerides were derivated 
and involve either a glycidol ester radical or a cyclic acyloxonium radical intermedi-
ate in a high-temperature and low-moisture condition [100]. In 2016, a further study 
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Fig. 7.8 Hypothesis of formation mechanisms of 3-MCPD esters
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about the formation of 3-MCPD esters from monoglycerides was reported [101]. 
The results of this study confirmed the free radical intermediate reaction as one of 
the mechanisms for 3-MCPD ester formation. This study demonstrates for the first 
time that five- or six-membered cyclic acyloxonium structures might work as an 
intermediate in this free radical reaction, which could be used to explain the high- 
temperature and low-moisture formation environment of 3-MCPD and 2-MCPD 
esters during thermal processing. Besides, results also represented that the monoes-
ter of 3-MCPD could degrade to form monoacylglycerol or free 3-MCPD and the 
ferric ion might play an important role in the thermal degradation of 3-MCPD 
monoesters.

7.3.3  Mitigation Strategies

After clarifying the formation mechanisms of MCPD and 3-MCPD esters during 
thermal processing, the strategies for reducing the content of these compounds in 
foods become necessary and important. To our best knowledge, eliminating 
chlorine- related compounds in the deodorization is one of the most important steps 
in developing a mitigation strategy to reduce the existence of 3-MCPD ester during 
food processing. All these strategies could be summarized into two types: to remove 
the reactants (either the glyceride or the chlorine substances) before the formation 
of MCPD/MCPD esters or remove the MCPD/MCPD esters after their formation.

Another possible approach to mitigate the formation of MCPD esters is to 
remove or reduce major reactants from the raw food materials before thermal pro-
cessing. For example, monitoring and controlling the existence of chlorine-related 
components in food materials could effectively mitigate the content of the MCPD 
esters.

Chelating agents are another group of compounds that can theoretically mitigate 
MCPD esters during thermal processing. Based on the free radical formation mech-
anism of MCPD esters, the existence of free radical intermediate is the key step for 
the formation of MCPD esters. Chelating agents could competitively react with the 
free radical intermediate products and reduce the amount of final products. Zhang 
and colleagues reported the results about using EDTA-2Na to competitively inhibit 
the generation of 3-MCPD esters during thermal processing [100]. These results 
represented a fact that chelating agents might be used in selected processing steps to 
effectively reduce the content of 3-MCPD esters in the thermal processed food.

Although MCPD esters were formed during thermal processing, latest studies 
reported a potential catalytic role of ferric ion in degradation of 3-MCPD monoes-
ters during thermal treatment [101]. In this study, 3-MCPD monoesters could be 
degraded at a greater ratio with the existence of ferric ion; meanwhile glycidyl 
esters and monoglycerides were formed significantly.
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Besides, there are some other strategies that might be used to reduce the concen-
trations of MCPD/MCPD esters in food during thermal processing, such as manipu-
lating the deodorization conditions or using lower chlorine-contaminated fats 
instead of higher chlorine-contaminated fats [102]. All these approaches aim to 
mitigate the existences of MCPD/MCPD esters in thermal processed foods.

7.4  Glycidol and Its Fatty Acid Esters

Glycidol has been classed as a probable carcinogen in humans (2A) (IARC, 2000), 
due to the alkylation properties of the epoxide prone to react with cellular nucleo-
philes which induced the mutagenic and carcinogenic effects in rodents. Glycidol 
fatty acid esters (GEs) (Fig. 7.9) have been detected in a variety of thermal process-
ing food, especially in refined oil [103–105]. In the gastrointestinal tract, GEs can 
hydrolyze to form the free glycidol [106, 107]. Therefore, GEs are also probable 
carcinogen in humans, which need significant effort to inhibit and eliminate. The 
section below aims at the following topics: (i) analytical method for glycidyl and its 
ester detection, (ii) chemical mechanism for the formation of glycidyl and its esters, 
and (iii) possible approaches to reduce glycidyl and its ester levels in foods.

7.4.1  Analytical Method for Glycidyl and Its Ester Detection

Glycidol can be detected in gas chromatography combined with flame ionization 
detection [108]. And the analytical method for GE detection could be summarized 
into two major approaches, indirect methods and direct methods.

7.4.1.1  Indirect Analysis Methods

In the indirect analysis methods of GEs, the GEs are hydrolyzed into glycidol and 
then glycidol derivatized with derivatizing agents such as phenylboronic acid 
(PBA), heptafluorobutyryl imidazole (HFBI), bis(trimethylsilyl)trifluoroacetamide 
(BSTFA), or heptafluorobutyric anhydride (HFBA).

Fig. 7.9 Structure of 
glycidyl and glycidyl esters
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The German Society for Fat Science (DGF) official method (DGF Standard 
Methods C III 18 (09) 2009) is an indirect analytical method. This indirect analysis 
method consists of two pretreat options (options A and B) in different analytical 
mechanisms. In brief, GE samples are hydrolyzed in either acidic or alkaline condi-
tions to free the glycidol and purified by a liquid-liquid extraction, derivatization 
with derivative reagents, and followed by the GC-MS quantification. Finally, the 
total GE amounts are calculated as the measured amounts multiplied by 0.67 (stoi-
chiometric factor). Based on the DGF official method, a lipase from Candida 
rugosa-catalyzed hydrolysis of GEs for 30 min at room temperature shortens detec-
tion time [91, 109].

Three indirect analysis methods of GEs in fats and oils have been published by 
American Oil Chemists’ Society (AOCS), namely, AOCS Cd29a-13, Cd29b-13, 
and Cd29c-13 [110–112]. In mildly alkaline or lipase-catalyzed conditions, GE 
samples transesterification, then transformation into monobromopropanediol 
(MBPD), derivatization of MBPD with derivative reagents, and followed GC-MS 
analysis.

Kuhlmann reported a new type of indirect analysis methods of GEs and 3-MCPD 
esters, which could analyze the glycidol derivatives and 3-MCPD derivatives inde-
pendently [113].

Although the lipase-catalyzed conditions in indirect determine methods enables 
GEs, 3- and 2-MCPD esters to be analysis simultaneously with and the lipase use 
for the hydrolysis of esters, averting the transformation of MCPD esters or partial 
acylglycerols into GEs [109, 114], but in the bromination process, an incomplete 
bromination condition may still produce an underestimation amount of GEs in the 
tested oils samples. All these reasons above made the direct determination method 
without transesterification or derivatization necessary.

7.4.1.2  Direct Analysis

The direct methods include liquid chromatography-mass spectrometry (LC-MS), 
GC-MS, and nuclear magnetic resonance (NMR). Haines and his colleagues 
described the determination of seven kinds of GEs in edible oils by using LC-TOFMS 
in the positive ion mode [106]. And the sample preparation was the simplest to 
implement: the edible oil samples were diluted in a mixed solvent (methanol-sodium 
acetate solution (0.26 mM)/methylene chloride/acetonitrile = 1/8/1) prior to analy-
sis. The LOD of glycidyl myristate in refined edible oil was estimated to be 0.29 mg/
kg, and the LODs of other six GEs were 0.1 mg/kg. Based on the LC-MS method, 
Shiro and his colleagues reported a more sensitive LOD, which is only 1/3 com-
pared to that reported by Haines and his colleagues [115]. Leigh and his colleagues 
developed an LC-MS/MS method to detect seven kinds of GEs [116] by liquid-liq-
uid extraction. In increasing the formation of sodiated adducts, Hori and his col-
leagues added the sodium salts in the mobile phase, which might induce a significant 
negative impact on MS instruments [117]. Prior to LC-MS analysis, several purifi-
cation techniques are used to remove the large amount of tri- and partial acyl 
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glycerides, including gel permeation chromatography (GPC) [118] and two- step 
SPE [119]. Steenbergen and his colleagues have reported a novel direct analysis 
approach for intact GEs in edible fats and oils: the sample was extracted by aceto-
nitrile and heptane and then purification by normal-phase liquid chromatography, 
followed by GC-MS analysis [120]. The direct analysis method for GEs based on 
1H NMR spectroscopy was reported by Song and his colleagues [121]. In this study, 
the quantification formula of GEs was deduced from the characteristic diagnostic 
signals of two epoxy methylene (CH2) protons, in which chemical shifts were 2.56 
and 2.76 ppm, respectively.

To sum up, the advantage of the indirect analysis method of GEs is the simple 
and unique standard. On the other hand, the direct methods could supply more detail 
information about the chemical profiles of GEs in samples directly. Therefore, the 
direct analysis method could be an alternative method for the routine analysis of 
GEs.

7.4.2  Chemical Mechanism for the Formation of GEs

Till now, no systemic study was reported about the formation mechanism of gly-
cidol in the thermal processing of food. But there are a few studies which reported 
the theoretical approaches about the chemical mechanisms for the formation of GEs 
using standard chemical compounds as a model.

DAGs and MAGs are common substrates for the formation of GEs; TAGs and 
MCPD esters also transferred to GEs under some condition. This chapter will 
review the formation mechanisms of GEs from MAGs, DAGs, TAGs, and MCPD 
esters.

There are three proposed chemical mechanisms of the formation of GE from 
MAGs (Fig. 7.10). One of them considers a direct elimination of water for 1-MAGs 
[101]. Another one of them considers an elimination of water after a direct intramo-
lecular rearrangement for 1-MAGs [122]. The last mechanism involves the forma-
tion of the cyclic acyloxonium ion (CAI) by dehydration of either 1-MAGs or 
2-MAGs (MAGs) and then elimination of water for CAI after the intramolecular 
rearrangement [98, 123, 124].

There are also three proposed chemical mechanisms for the formation of GE 
from DAGs (Fig. 7.11). All three proposed mechanisms involve an intramolecular 
rearrangement via charge migration, and differences among the three mechanisms 
are the nature of the intermediate and the leaving group. One of them considers an 
elimination of fatty acid for either 1,2-DAGs or 1,3-DAGs (DAGs) after a direct 
intramolecular rearrangement (Fig. 7.11, pathways a and a′) [125]. The other mech-
anism involves the formation of the CAI by deacidification of 1,2-DAGs (Fig. 7.11, 
pathway b) [98, 123, 124]. The last proposed mechanism involves the formation of 
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an intermediate which is known as cyclic acyloxonium free radical (CAFR) by 
either deacidification (Fig. 7.11, pathway c) or dehydration (Fig. 7.11, pathway c′) 
of 1,2-DAGs [124].

There are two proposed chemical mechanisms for the formation of GE from 
TAGs (Fig. 7.12). One of the mechanisms involves the formation of either DAGs or 
MAGs derived from TAGs and then transforms GE by known pathway of DAGs or 
MAGs (Fig. 7.12, pathways a and a’) [98, 124]. The other proposed mechanism 
involves the formation of the CAFR intermediate by deacidification of sn-2 and sn-3 
fatty acid (Fig. 7.12, pathway b) [100].

Fig. 7.10 Summary of proposed chemical mechanisms of GE formation from MAGs. Pathway 
(a), direct elimination of water for 1-MAGs [101]. Pathway (b), direct intramolecular rearrange-
ment form of oxonium ion followed by elimination of water from 1-MAGs. Pathways (c) and (c′) 
involve the formation of the cyclic acyloxonium ion by dehydration of either 1-MAGs or 2-MAGs 
(MAGs) and then elimination of water for CAI after the intramolecular rearrangement [98, 123, 
124]
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Fig. 7.11 Summary of three proposed mechanisms of GE formation from DAGs. Pathways (a) 
and (a′), an elimination of fatty acid for either 1,2-DAGs or 1,3-DAGs after a direct intramolecular 
rearrangement [125]. Pathway (b) involves the formation of the intermediate which is known as 
cyclic acyloxonium ion (CAI) by deacidification of 1,2-DAGs [98, 123, 124]. Pathways (c) and (c′) 
involve the formation of an intermediate which is known as cyclic acyloxonium free radical 
(CAFR) by either deacidification (pathway c) or dehydration (pathway c′) of 1,2-DAGs [124]
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There are two proposed chemical mechanisms for the formation of GE from 
3-MCPD esters (Fig. 7.13). One of the mechanisms involves the formation of the 
alcoholate intermediate derived from either monoesters of 3-MCPD (a) or monoes-
ters of 2-MCPD (a′) in alkaline media (Fig. 7.13, pathways a and a′) [106, 124]. The 
other proposed mechanism involves the formation of the carbocation intermediate 
derived from 3-MCPD monoesters in neutral and acidic media (b) or 2-MCPD 
monoesters (b′) (Fig. 7.13, pathways b and b′) [106, 124].

Fig. 7.12 Summary of proposed mechanisms of GE formation from TAGs. Pathways (a) and (a′) 
involve the formation of either DAGs or MAGs derived from TAGs and then transforms GE by 
known pathway of DAGs or MAGs [98, 124]. Pathway (b) involves the formation of the CAFR 
intermediate by deacidification of sn2 and sn-3 fatty acid [100]
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Fig. 7.13 Summary of proposed mechanisms of GE formation from MCPDs. Pathways (a) and 
(a′) involve the formation of the alcoholate intermediate derived from either monoesters of 
3-MCPD (a) or monoesters of 2-MCPD (a′) in alkaline media [106, 124]. Pathways (b) and (b′) 
involve the formation of the carbocation intermediate derived from 3-MCPD monoesters in neutral 
and acidic media (b) or 2-MCPD monoesters (b′) [106, 124]
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7.4.3  Possible Approaches to Reduce Glycidyl Ester Levels 
in Foods

7.4.3.1  Inhibition and Removal of Reagents

As shown in formation mechanism parts, the reagents of GEs are mainly DAGs and 
MAGs, and the TAG and MCPD esters should not be ignored. There are only a few 
approaches about reducing DAGs and MAGs to inhibit GE formation.

The removal of the main reagents (DAGs and MAGs) is the most efficient method 
to control the formation of GEs. For edible vegetable oil producers, the climatologi-
cal locations, soil fertility and planting conditions, the harvest and processing prac-
tices of oil fruits/seeds, damaged oil seeds/fruits, and postmature fruits are essential 
to activate lipase and then change the content of DAGs and MAGs in oil seeds/fruits 
[104, 126–128]. All these factors could reduce the DAG and MAG content in oil. 
For the reason of inhibiting the lipase activity, the sterilization temperature during 
the milling of oil fruits/seeds should be kept at or below 120  °C [129, 130]. 
Aniołowska and Kita also found that the composition of oil fruits/seeds had a greater 
influence on polymerization transformation and GE formation than on hydrolytic 
and oxidative reaction in the frying oil [131]. Another strategy is removing some of 
the DAGs and MAGs in the refining steps (degumming, neutralization, bleaching, 
and deodorization) [105]. Some adsorption materials were used for the removal of 
DAGs, MAGs, and the other polar components from frying oil, suggesting that the 
same process could be established for the removal of DAGs and MAGs from raw 
materials [132, 133]. Strijowski and his colleagues reported that approximately 
25% of DAGs, MAGs, and the other polar components could be removed by amor-
phous magnesium silicate and calcined zeolite [134]. Craft and his colleagues 
reported that refined, bleached palm oil by either ethanol or glycerol during oil 
deodorization could remove the DAGs and FFAs, which resulted in a significant 
reduction of GEs and 3-MCPD esters [129].

7.4.3.2  Modification of Reaction Conditions

Temperature and reaction time represent the key factor of the reaction condition for 
the formation of GEs [123–125, 130].

Properly adjusting the temperature and reaction time of deodorization is critical 
in reducing the formation of GEs. Pudel and his colleagues reported that the GE 
content reduced to less than 5 ppm at a deodorization temperature lower than 240 °C 
[105]. However, when deodorization temperature increases to over 250 °C, the con-
centrations of GEs significantly increased in a time-dependent manner. Craft and 
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his colleagues confirmed that the formation of GEs significantly increased at a 
deodorization temperatures above 230 to 240 °C [135]. So, one possible method to 
inhibit the formation of GEs is to keep the deodorization temperature lower than 
240 °C. Pudel and his colleagues carried out an experiment with a short-path distil-
lation with a 60  °C condenser temperature, a 170  °C evaporator temperature, a 
100 rpm stirrer speed, and a 20 Hz pump frequency [136]. The results of this study 
represented that with the mild deodorization condition, the content of GEs in refined 
edible oil decreased and the sensory quality (taste and odor) improved. Besides the 
temperature, reducing the reaction time is another important strategy. Pudel and his 
colleagues carried out an experiment with a two-stage deodorization; that is, the 
first step at a temperature of 250–270 °C in a short time and the second step at a 
temperature of 200 °C in a longer time [136]. Results represented that GE concen-
trations significantly reduced in this condition.

In addition, the oil fruit/seed pressing process also involves a roasting at a tem-
perature of over 200 °C, which might induce GE formation and increase DAG and 
MAG contents [124]. Wong and his colleagues found that low levels of DAGs and 
MAGs and high temperature during the deep-frying reduced the formation of GEs 
in frying chicken breast meat [137]. Šmidrkal and his colleagues reported that the 
level of GEs formed is dependent on the pH value in oils [138]. An increase in pH 
value by addition of Na2CO3, NaHCO3, or other alkaline substances could reduce 
the level of GEs formed in refined oils [107, 138–141]. However, the chemical 
mechanisms of pH in the reduction of GEs formed are still unclear and further 
experimental data are required.

Cheng and his colleagues found that the free radicals produced in the process of 
oil oxidation increase the GE formation [124]. And the 3-MCPD esters formed were 
reduced by using antioxidants in scavenging the free radicals [94, 142], based on the 
free radical formation mechanisms [99, 100]. Further studies are necessary to pro-
vide more evidence to support this hypothesis.

7.4.3.3  Elimination of Formed GEs

The elimination of formed GE methods includes two methods: physical adsorption 
and chemical degradation. The physical elimination methods are scavenging of the 
formed GEs by using activated carbon, magnesium silicate, zeolite, activated 
bleaching earth, or other adsorption materials [124]. Strijowski and his colleagues 
have reported the possibilities of a removal of GEs from palm oil by using different 
adsorption materials [134]. The results indicated that two of the adsorption materi-
als (calcined zeolite and synthetic magnesium silicate) could reduce the formation 
of 3-MCPD esters and GEs up to 40%, and this physical elimination method did not 
show the adverse effect in palm oil, including oxidative stability and sensory 
properties.

Chemical degradation methods are adopted to transform GEs into other com-
pounds, such as changing distillation process parameters or adding nontoxic 
reagents to refined oils to degrade GEs transforming GEs to glycerol, DAGs, MAGs, 
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or other nontoxic intermediates. Craft and his colleagues reported that adjusting the 
parameters of steam distillation steps could remove the high amounts of GEs 
(>100 mg/kg) in refined oils [143]. Özdikicierler and his colleagues investigated the 
effects of stripping steam rate, temperature, and pressure in the removal of the for-
mation of GE in edible oil during the steam distillation process [144] and found that 
the level of GEs in olive oil and olive pomace oil decreases in the steam distillation 
temperature of 230 and 230 °C, the water flow rate of 1.2 mL/min and 1.0 mL/min, 
and the pressure of 4 mbar and 2 mbar, respectively. Besides, the new generated 
GEs are instable in acidic environment. Matthäus and his colleagues investigated 
the effects of acidic strip steam on GE formation by implementing formic acid in the 
oil deodorization step [104]. The results indicated that the content of GEs in refined 
edible oils decreases about 35% by the addition of higher concentration of formic 
acid in strip steam. Shimizu and his colleagues carried out an experiment to elimi-
nate GEs by the addition of activated bleaching earth in DAG-rich oils in a model 
system [145]. And the results represented that the GE elimination effect of activated 
bleaching earth was not because of its physical adsorption effect but through the 
chemical conversion of GEs involving a ring-opening reaction.

In the past decades, a great deal of research had focused on the contamination of 
glycidol and GEs in food and food ingredients. The chemical mechanism research 
had shown the formation of GEs from various reagents during the food process. The 
analytical technique studies developed the effective and accurate quantification 
method for glycidol and GEs in food and food ingredients, allowing reliable assess-
ments on glycidol and GE occurrence in the food processing.

7.5  Acrolein and Other Alkenals

Acrolein and other alkenals are a kind of electrophilic α,β-unsaturated aldehydes. 
The basic chemical structure of these compounds is an acrolein CH2 = CHCHO 
(Fig. 7.14). Acrolein is water soluble and could also be dissolved well in ethanol, 
acetone, and other organic solvents. Acrolein is colorless or pale yellow liquid and 
has a pungent odor like oil burning [146]. Acrolein and other alkenals are the impor-
tant industrial raw materials, the major components of tobacco smoke, and could be 
released from the burned manufactured goods from the petroleum industry. Also, 
these compounds could be formed from overheated food lipids. Overcooked, fried, 
or charred foods are the major sources of acrolein and other alkenals. The TDI value 
(tolerable daily intake value) for acrolein is 7.5 μg/kg body weights [147].

Fig. 7.14 Chemical 
structure of acrolein and its 
fatty acid esters
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Inhalation of acrolein can cause watery eyes, sore eyes, headaches, dizziness, 
coughing, and breathing problems. Moreover, acrolein could induce several dis-
eases, including multiple sclerosis, spinal cord injury, Alzheimer’s disease, diabetes 
mellitus, cardiovascular disease, and hepato-, nephro-, and neurotoxicity. On the 
cellular level, acrolein exposure could lead to DNA and protein adduction, oxidative 
and endoplasmic reticulum stress, mitochondria and membrane damage, and 
immune dysfunction [148]. Due to their wide existence of potential toxic effects, a 
systemic review about the analytical methods, formation mechanisms, and mitiga-
tion strategies of acrolein and other alkenals will be discussed in this section.

7.5.1  Analytical Methods

The analysis of acrolein in foods is extremely complex, so it requires great efforts. 
Early methods were based on thin and paper layer chromatography back to the 
1960s or using spectroscopic techniques, such as UV-Vis and fluorescent spectros-
copy, to detect the derivations of acrolein with hydroxylamine, N-methylhydrazine, 
morpholine, or sodium bisulfate. In the 1980s, HPLC-UV, GC-MS, and LC-MS 
have also been used for the determination of acrolein formed during heat processing 
of foods [147].

7.5.1.1  Chromatographic Methods in Detecting Acrolein

In 1987, acrolein from heated beef fat and cooking oils was analyzed by a gas chro-
matograph with a fused silica capillary column and a thermionic detector [149]. In 
2009, Seaman and colleagues establish a method, which used gas chromatography- 
negative chemical ionization mass spectrometry and a labeled standard acrolein-d4 
to quantify acrolein [150]. In 2011, two stable isotope dilution assays were devel-
oped for quantifying acrolein in fats and oils, which were a direct GC-MS head-
space method and an indirect GC-MS method using derivation with 
pentafluorophenylhydrazine [151]. Also, in 2011, Osório and colleagues developed 
a GC-MS method to determine acrolein in French fries using SPME as the sampling 
technique after derivatization with 2,4-dinitrophenylhydrazine [152]. In 2012, an 
automatic method based on derivatization with 2,2,2-trifluoroethylhydrazine (2,2,2- 
TFEH) and consecutive headspace solid-phase microextraction and gas 
chromatography- mass spectrometry (HS-SPME/GC-MS) to detect acrolein in sur-
face and drinking water are described [153]. In 2012, a fast qualitative and quantita-
tive determination of acrolein in water was established by the portable headspace 
GC-MS analysis [154]. In 2013, Osório and colleagues used a method of solid-
phase microextraction (SPME) coupled with gas chromatography and mass spec-
trometry to evaluate acrolein productions during frying the cassava and pork sausage 
in different vegetable oils [155]. In 2017, since using one-dimensional GC to ana-
lyze acrolein was difficult, a validated method using headspace solid-phase 
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microextraction (HS-SPME) combined with the comprehensive two-dimensional 
gas chromatography with time-of-flight mass spectrometric detection (GC × GC/
TOFMS) showed appropriate separation and identification abilities of the acrolein 
in wines [156]. In 2004, the liquid chromatographic separation equipped with 
pulsed electrochemical detection is described as a selective and sensitive analytical 
method for the determination of acrolein in heated vegetable oils [157]. In 2008, 
Uebori and colleagues determined acrolein in ambient air as its CNET derivative by 
LC/MS/MS [158].

7.5.1.2  Other Methods in Detecting Acrolein

In 1992, a membrane introduction mass spectrometry was used to directly quantify 
the acrolein in aqueous solution at low levels [159]. In 2016, Zheng and colleagues 
used nuclear magnetic resonance (NMR) spectroscopy to analyze acrolein degrada-
tion and established a quantitative headspace solid-phase microextraction/gas 
chromatography- mass spectrometry (HS-SPME/GC-MS) determination of acrolein 
in alcoholic beverages [160]. In 2017, a needle trap device (NTD) equipped with 
nanoporous silica aerogel (NPSA) as a sorbent was used as a new technique for 
analysis of acrolein. A 21-G needle was applied for extraction of gas in the sample 
headspace [161]. Also, in 2017, another NTD equipped with NPSA was developed 
as a technique for the rapid determination of acrolein and formaldehyde in air. Thus, 
this technique proved to be a reliable and effective method [162].

7.5.2  Formation Mechanisms

In 1916, the formation of acrolein was related with the oxidation of unsaturated 
fatty acids, particularly the linseed oil and linolenic acid [163]. In 1976, methional, 
the three-substituted propanal derived from methionine, was confirmed to easily 
decompose with the formation of acrolein with/without oxygen. Homoserine, 
homocysteine, and cystathionine could generate significant amounts of acrolein in 
aerobic interactions at neutral pH and 100 °C [164].

In 1992, acrolein was detected from cod liver oil upon ultraviolet irradiation 
(λmax = 300 nm). It was derivative into nitrogen or sulfur-containing compounds and 
then analyzed by capillary gas chromatography equipped with a nitrogen- phosphorus 
detector or a flame photometric detector [165]. In 2010, a study reported that glyc-
erol could be dehydrated to form acrolein, which has been mentioned in Alhanash’s 
research [166] (Figs. 7.15, 7.16, 7.17 and 7.18).

In 2013, several vegetable oils, including perilla, high-oleic sunflower, rice bran, 
soybean, and rapeseed oils, were heated at 180 °C for 480 min and then the concen-
tration of acrolein was determined by gas-liquid chromatography.

In 2014, enzymatically synthesized linolenic and linoleic acid hydroperoxides 
were the key intermediates in acrolein formation.
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Fig. 7.15 Formation mechanism of acrolein esters from glycerol [166]

Fig. 7.16 Formation mechanism of acrolein esters from oil [167]
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Fig. 7.17 Formation mechanism of acrolein esters from fatty acid [168]

Fig. 7.18 Formation mechanism of acrolein esters from triacylglycerols [169]
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In 2015, the high quantities of acrolein, in linseed, echium, fish, and soybean oil 
triacylglycerols oxidized at 50 or 60 °C, were detected by the static headspace gas 
chromatography method.

7.5.3  Mitigation Strategies

Acrolein, as a harmful and toxic substance in food, is a potential threat to human 
health. So, the removal of acrolein is extremely important. The mitigation strategies 
of acrolein could be separated into two major approaches, the direct removal and 
indirect removal.

7.5.3.1  Direct Removal Approaches

Direct removal approaches are the methods that reduce the acrolein with the acro-
lein scavenger directly. In 2004, Kaminskas and colleagues found the chemical 
mechanisms of acrolein trapping by hydralazine, and the study represented that 
together with its structural analogue dihydralazine, it also readily traps crotonalde-
hyde [170]. In 2006, Li and colleagues found that the nanoparticle dye is effective 
as an oxidant for the conversion of carbon monoxide to carbon dioxide and/or as a 
catalyst for the conversion of carbon monoxide to carbon dioxide and/or catalyst for 
conversion of aldehydes such as acetaldehyde and acrolein [171]. In 2011, Shi and 
colleagues also found that hydralazine serves as an excellent acrolein scavenger, 
since hydralazine can reduce acrolein concentrations and inhibit acrolein patholo-
gies in vivo [115]. In 2012, PS-NH2 was used to make active pharmaceutical ingre-
dients (API) in the acrolein to get the most complete clearance. PS-NH2 can remove 
97.8% of acrolein without any substantial removal of the API during 20  min of 
reaction time. And in their API process solution system, scavenging of acrolein was 
seen to be quite fast and effective using both polymer- and silica-based scavengers. 
In addition, there are some nitrogen compounds that are capable of binding and 
inactivating acrolein [172]. In 2017, dimercaprol, which possesses thiol functional 
groups, was found to bind and trap acrolein and dimercaprol is not known to elicit 
a reduction in blood pressure. Therefore, in the event that hydralazine is not appli-
cable in a subset of patients as a result of the risk of hypotension, dimercaprol could 
be a viable alternative treatment [173].

7.5.3.2  Indirect Removal Approaches

Indirect removal approaches refer to the inhibition of acrolein by not directly acting 
with acrolein, but by affecting its production or inhibiting the harmful physiological 
changes it produces. In 2011, Abraham and colleagues emphasized the strict control of 
the content of acrolein in food. For the exposure data, some improvements would be 
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necessary: development of valid analytical methods for the concentration of acrolein in 
foods, as well as the examination of foods in ready-to-eat form with high acrolein 
contents. The effective detection of acrolein in food could improve the control of acro-
lein by adjusting the processing materials [147]. In 2017, Gu and colleagues found that 
a squid solution polysaccharide (SIP) can effectively inhibit the Leydig cells in acro-
lein-mediated autophagy and apoptosis and thus play a role in scavenging [174].

This chapter discussed the analytical methods, formation mechanisms, and miti-
gation strategies of five groups of chemical hazards, including 5-HMF, trans-fatty 
acids, MCPDs and their esters, glycidol and its esters, acrolein, and other alkenals. 
The knowledge about these chemical hazards reported in food science in the past 
decades may improve our knowledge about these thermal processing-induced haz-
ards and finally improve the food safety and quality in the thermal processing of 
foods.
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